A flagellum of Salmonella typhimurium and Escherichia coli consists of three structural parts, a basal body, a hook, and a filament. Because thefliK mutants produce elongated hooks, called polyhooks, lacking filament portions, thefliK gene product has been believed to be involved in both the determination of hook length and the initiation of the filament assembly. In the present study, we isolated'two mutants from S. typhimurium which can form flagella even in the absence of thefliK gene product. Flagellar structures were fractionated from these suppressor mutants and inspected by electron microscopy. The suppressor mutants produced polyhookfilament complexes in the fliK mutant background, while they formed flagellar structures apparently indistinguishable from those of the wild-type strain in thefliK' background. Genetic and sequence analyses of the suppressor mutations revealed that they are located near the 3'-end of the flhB gene, which has been believed to be involved in the early process of the basal body assembly. On the basis of these results, we discuss the mechanism of suppression of thefliK defects by theflhB mutations and propose a hypothesis on the export switching machinery of the flagellar proteins.
The bacterial flagellum is a complex structure composed of at least three parts, the basal body, the hook, and the filament (18) . The morphological pathway of flagellar assembly is believed to proceed sequentially from cell-proximal to celldistal structures (10, 28) . Nearly 50 genes have been shown to be indispensable for formation of functional flagella in both Salmonella typhimurium and Escherichia coli (18) . Most of these flagellar genes are clustered on the four regions of the chromosome called regions I, II, I11a, and IIIb (18) , and their expression is coordinated with the flagellar assembly process (13, 15) .
The basal body consists of two outer rings (the L and P rings), an inner ring (the MS ring), and a rod. It is embedded in the cell membrane and acts as a rotary motor. The hook is the structure connecting the extracellular helical filament to the basal body and is thought to act as a flexible universal joint which transmits the rotational movement driven by the basal body to the filament. It is a cylindrical homopolymer of FlgE (9, 17) , within which the export channel for flagellin, the component protein of the filament, has been supposed to exist (18, 21) . Prior to the filament assembly, two hook-filament junction proteins, FlgK and FlgL, are assembled onto the tip of the hook and act as the polymerization nucleus for flagellin monomers (4, 5) . FliD, which acts as a capping protein of the filament, is essential for polymerization of newly exported flagellin monomers at the tip of the growing filament (4, 8) .
Wild-type cells form hooks with well-defined lengths of ca. 60 nm. However, mutants defective in one of the region ITIb genes, fliK, have been shown to produce abnormally elongated hooks, called polyhooks, which lack the filament portions (23, 26) . Therefore, the fliK gene product is believed to exert the dual function of determining the hook length and initiating filament formation. Suzuki and Iino (27) both FlgK and FlgL (5), it is most plausible that the inability of polyhooks to act as the polymerization nuclei for flagellin is attributed to the absence of these proteins in the tips of the polyhook structures. Consistent with this, polyhook-filament complexes can be formed in vitro by sequential addition of purified FlgK, FlgL, and flagellin to polyhook fragments (7).
Suzuki and Eino (27) isolated the intragenic suppressor mutant called phf from one of the fliK mutants of S. typhimurium. Electron microscopic observation revealed that this mutant produced the filaments on the tips of the polyhook structures. This result indicated that the mechanism for the dual function of FliK, i.e., regulation of hook length and initiation of flagellin polymerization, is distinct in the molecule. Here, we report the isolation of the mutants which can form flagella in the absence of the fliK gene product. These mutants also produced the filaments attached to the tips of the polyhook structures. Genetic and sequence analyses revealed that they have mutations located near the 3'-end of the flhB gene, which is believed to be involved in the early process of the basal body assembly. On the basis of these results, we discuss the export switching mechanism of the flagellar proteins in the flagellum-specific export pathway.
MATERIALS AND METHODS
Bacterial strains, phages, and plasmids. All of the bacterial strains used in the present study are listed in Table 1 . The FliK-independent flagellation mutants were isolated fromfliK:: TnlO mutants KK2140 and KK2143 which had been isolated independently (16) . Bacteriophage used for transduction was P22HTint (25) . Vectors used for cloning and sequencing were pBR322 (1) and M13mpl8/19 (30), respectively. Plasmid pKK1311EH carried the wild-typeflhB gene of S. typhimurium inserted into the EcoRI-HindIII site of pBR322 (13, 20) .
Media. L broth, L-agar plates, and motility agar plates were made as described previously (16) . Ampicillin and tetracycline were used at final concentrations of 50 and 20 pug/ml, respectively. Agar plates for selection of loss of the tetracycline resistance (TCS agar plates) were prepared as described by Maloy and Nunn (19) . Transduction and gene manipulation. Transductional crosses were performed with P22HTint as described previously (16) .
DNA manipulation and transformation techniques were described previously (14) . All of the enzymes used for DNA manipulation were purchased from Toyobo Co. Ltd. (Osaka, Japan) or Nippon Gene Co. Ltd. (Toyama, Japan).
Purification and electron microscopic observation of the flagellar structures. Flagellar structures, including hook-basal body complexes, were fractionated from the cells grown in L broth by the method of Suzuki et al. (28) . Negative staining of the fractionated sample was carried out with 1% sodium phosphotungstate as described previously (17, 28) . The specimens were observed in a JEM120EX electron microscope (JEOL, Tokyo, Japan).
Cloning and sequence analysis of the flhB genes from the fliK suppressor mutants. Chromosomal DNAs were prepared from the fliK suppressor mutants by the method described previously (14) . The chromosomal DNA and pBR322 were digested simultaneously with EcoRI and HindIll and ligated. EKK24 was transformed with this mixture, and motile transformants were selected on motility agar plates containing ampicillin. From one of these transformants, a hybrid plasmid carrying the flhB gene was purified. The various restriction fragments containing the flhB gene were subcloned onto M13mpl8/19 and sequenced as described in the accompanying paper (20) .
RESULTS
Isolation of FliK-independent flagellation mutants. The fliK::TnlO mutants KK2140 and KK2143 produced polyhook structures lacking filament portions. Cells of these strains were nonmotile and formed compact colonies on motility agar plates containing tetracycline. However, after incubation at 37°C for 2 days, a small number of swarms were detected on the plates. One of the motile clones purified from the resulting swarms was designated KK2140S or KK2143S, which had originated from KK2140 or KK2143, respectively. Both of them formed swarms much smaller than those of wild-type strain, KK1004 (Fig. 1 ). P22 phage lysates were propagated on these mutants and used to transduce KK1004. In each cross, 100 tetracycline-resistant transductants were selected and examined for motility. All of the transductants were found to be nonmotile, indicating that the original fliK::TnlO mutations were restored in these mutants and that the suppressor mutations were not linked with the fliK gene. Therefore, we concluded that they carried the extragenic suppressor mutations which permitted the cells to form functional flagella in the absence of the fliK gene product.
Flagellar structures were fractionated from these strains and inspected by electron microscopy (Fig. 2) . In both strains, the hook structures of the flagella were polyhooks, and about one-third of them carried the filaments at the distal ends. Therefore, we concluded that the suppressor mutations can suppress the fliK defect in filament formation but not in determination of hook length.
Isolation of the second-site mutants. Cells of KK2140S and KK2143S were treated with P22 phage lysate propagated on KK1004 and spread on the TCS agar plates to select tetracycline-sensitive transductants in which the fliK::TnlO mutations should be replaced by the wild-type allele. One of such transductants obtained from KK2140S or KK2143S was designated KK1140 or KK1143, respectively. These transductants were expected to retain the suppressor mutations because, as we discussed above, the suppressor mutations are not cotransducible with the fliK gene. This was confirmed by reintroduction of the fliK::TnlO mutation into these strains by P22-mediated transduction. As expected, the resulting fliK::TnlO transductants were able to form swarms on the motility agar plates.
KK1140 and KK1143 were both found to form swarms whose sizes were almost comparable to or slightly smaller than those formed by the wild-type strain, KK1004 (Fig. 1B) . Flagella isolated from them had structures apparently indistinguishable from those isolated from KK1004 (data not shown). Therefore, we concluded that the suppressor mutations alone do not have a significant effect on the flagellar structure and assembly.
Genetic mapping of the suppressor mutations. As mentioned above, the suppressor mutations were not linked to the fliK gene. This indicated that they should not lie within either the region Ila or IIIb flagellar gene cluster. To test the possibility that the suppressor mutations might be located in either the region I or region II flagellar gene cluster, P22 phage lysates propagated on KK1140 or KK1143 were used to transduce KK1011 [A(region I)] and KK1012 [A(region II)], and Fla' transductants were selected on motility agar plates.
The fliK::TnlO mutations were then transduced into the Fla' transductants, and the resulting fliK mutants were examined for motility. In both cases, thefliK mutants of the transductants from KK1012 were motile, while those from KK1011 were not, indicating that the suppressor mutations were located in region II.
The cotransduction frequencies of the suppressor mutations with the individual region II flagellar genes were examined. P22 phage lysates propagated on KK1140 or KK1143 were used to transduce various region II flagellar mutants, and motile transductants were selected. TheirfliK genes were then replaced by the fliK::TnlO mutant allele, and the resulting fliK mutants were examined for motility. The results shown in Table 2 indicate that the suppressor mutations are closely linked with the flhB gene.
To examine whether the suppressor mutations lie within the flhB gene, complementation analysis was performed by P22-mediated transduction (Table 3) . In this experiment, both donor and recipient strains carried the same fliK::TnlO mutation. When the recipient strains carried a wild-type flhB gene, Similarly, mutations in the flagellar genes other than fliK were introduced into KK1140 and KK1143. However, none of those mutations was found to be suppressed by these flhB mutations, indicating that the suppressor mutations were specific for suppression of the fliK mutations.
Sequence analysis of the suppressor mutations. To determine the changes in sequence that resulted in the fliK suppressor mutations, we cloned and sequenced the flhB genes from KK1140 and KK1143. Both of the suppressor mutations were located near the 3'-end of the flhB gene. The flhB9001 mutation caused the amino acid substitution (Ala to Thr) at position 298, whereas the flhB9002 mutation resulted in the amber codon at (Fig. 3) .
Multicopy effect of theflhB gene. As mentioned above, in the complementation analysis by P22-mediated transduction, the wild-type allele offlhB is dominant over the suppressor mutant alleles. However, in the course of the cloning experiment of the suppressor mutant flhB genes, we noticed that the suppressor mutant flhB genes in the multicopy plasmids could suppress the fliK mutation even in the presence of the wild-type flhB gene on the chromosome. Conversely, introduction of the multicopy plasmids carrying the wild-type flhB gene into KK2140S or KK2143S repressed the motility of the cells (Fig.  4) . These results indicate that the alleles on the multicopy plasmids are dominant over those on the chromosome.
DISCUSSION
The fliK mutations block both the length control mechanism of hook assembly and the initiation process of filament assembly (27) . In this study, we isolated two mutants which produce filaments on the polyhook structure in the absence of FliK This result indicated that the suppressor mutations in these mutants relieve the block of the initiation process of filament assembly but not that of the hook length control. Genetic analysis indicated that the suppressor mutations are located in the flhB gene. Because the deletion mutant in flhB produced only the MS ring, the simplest precursor structure of flagella, FlhB has been believed to be involved in the assembly process of the rod proteins (10). However, our result presented here suggests that FlhB is involved also in the assembly process of the filament. In the accompanying paper (20) , we show that the FlhB protein consists of two structural regions, the N-terminal hydrophobic half and C-terminal hydrophilic half. Sequence analysis revealed that one of the mutations causes an amino acid substitution in the C-terminal hydrophilic region and the other is a premature termination mutation resulting in the loss of the C-terminal 31 amino acids (Fig. 3) . These results indicate that the C-terminal portion of FlhB is dispensable for hook-basal body assembly and has an activity to inhibit the initiation process of filament assembly and that this inhibitory activity is interfered with by FliK.
Initiation process of the filament assembly involves at least three distinct steps. in the hook-basal body mutant background (3, 13) . This repression is relieved after the completion of hook-basal body assembly as a result of the mechanism that allows FlgM to be excreted through the complete hook-basal body structure (6, 11) . Because the fliK mutants cannot express the late operons (15), the polyhook-basal body structure formed in the fliK mutant should be defective in the excretion of FlgM. Actually, we showed that the FlgM protein is not excreted into the culture media from the fliK mutant (11) . Our preliminary experiment showed that the flgMfliK double mutants synthesize the FliC, FlgK, FlgL, and FliD proteins within the cell but cannot form the filament (data not shown), suggesting that the polyhook-basal body structure may also be defective in the export of these proteins. It is most plausible that the suppressor mutations render the polyhook-basal body structures competent to excrete FlgM and the proteins involved in the filament assembly. FlhB has not been detected in the purified flagellar structure (10) . However, because FlhB is required for the rod formation, it is plausible that FlhB may be located near the MS ring, which is embedded in the cytoplasmic membrane. Consistent with this, the primary sequence and biochemical data on the FlhB protein suggested that it may be an integral membrane protein (20) . It has been proposed that the FlhA, FliH, and FliI proteins may be assembled in contact with the MS ring and constitute the flagellum-specific export apparatus devoted to the component proteins of the flagellar axial structures, the rod, the hook, and the filament (10, 18, 29) . Carpenter et al. (2) and we (20) showed that FlhB shares significant homology with Shigella flexneri Spa4O , which has been believed to be involved in the excretion of the Ipa virulence protein (24) . Here, we would like to propose that FlhB may also constitute the export apparatus and regulate the ordered export of the flagellar proteins. The data on the multicopy effect of the flhB genes (Fig. 4) support this idea because the results can be easily explained if we assume that the FlhB proteins, either wild type or suppressor mutant, synthesized in excess from the multicopy plasmids may occupy the export apparatus. The fact that the loss of the 31 C-terminal amino acids from FlhB conferred the fliK suppression phenotype suggests that FlhB may have two distinct functional domains, the N-terminal region essential for export of the rod and hook proteins and the C-terminal region involved in inhibition of the excretion of FlgM (Fig. 3) . Although it is premature to think of a specific mechanism, the individual flagellum should have a mechanism to monitor the state of hook assembly. We (27) (15) . Recently, Ohnishi et al. (22) reported that exogenously supplied FlgD protein allows theflgD mutant to form not only the hooks but also the filaments. This indicates that the completion of hook assembly can turn on the transcription of the late operons, which also supports our hypothesis on the export switching machinery. The mechanism that senses the assembly state of the hook structure will be the subject of future research.
